Introduction
============

Systemic lupus erythematosus (SLE) is a prototypic systemic autoimmune disease characterized by the breach of tolerance to ubiquitous nuclear self-antigens, resulting in an uncontrolled activation of the immune system at both a cellular and a humoral level that leads to multi-organ inflammation, most importantly nephritis \[[@B1]-[@B5]\].

Evidence for the effective treatment of SLE exists for glucocorticosteroids (GC) and immunosuppressive drugs \[[@B2],[@B6],[@B7]\]. In addition, monthly pulses of the cytostatic agent cyclophosphamide (CTX) are commonly applied in combination with high doses of GC to induce remission of severe disease and active nephritis \[[@B8]-[@B10]\]. Immunosuppressive treatments are usually very effective but can be accompanied by severe adverse events, infections and toxicity, especially when applied over a longer period of time \[[@B11]\]. This has become a major prognostic issue nowadays. In view of that, the search for more specific therapeutic strategies to minimize side effects and to allow a better quality of life for the patients is an important focus of current research efforts.

Regulatory T cells (Treg), expressing the transcription factor Foxp3, are crucial for the maintenance of peripheral self-tolerance \[[@B12]-[@B14]\]. Their unique capacity to prevent autoimmunity renders CD4+Foxp3+ Treg an attractive tool for the treatment and modulation of autoimmune diseases. Cellular immunotherapy of autoimmune diseases intends to restore the disturbed tolerance to self by transfer of *ex vivo*expanded autologous Treg that can inhibit the activation and expansion of effector T cells \[[@B15]-[@B20]\].

In human and murine lupus, a deficiency, and phenotypic abnormalities of Treg are evident, suggesting that a disturbance of the Treg system is involved in disease development \[[@B21]-[@B28]\]. In the (NZBxNZW) F1 mouse model for lupus we previously found that a progressive and self-amplifying disruption of Treg homeostasis due to an acquired IL-2 deficiency essentially contributes to the hyperactivity of conventional CD4+ T cells (Tcon) and disease development \[[@B21]\]. In addition, we demonstrated the general importance of CD4+Foxp3+ Treg as physiologically relevant inhibitors of lupus by several approaches. First, the reduction of Treg numbers in clinically healthy animals by antibody-mediated depletion of CD25+ cells, or by IL-2 neutralization, resulted in an acceleration of disease. Second, and in contrast, adoptive transfer of CD4+Foxp3+CD25+ Treg-delayed disease progression and significantly reduced mortality in mice with already established disease \[[@B21]\], indicating that, depending on a sufficient amount, Treg are able to counteract even chronically active autoimmunity. In addition, we found that Treg from both young, clinically healthy, and diseased (NZBxNZW) F1 mice had a similar suppressive capacity in comparison to Treg from age-matched BALB/c mice \[[@B21]\], ruling out an intrinsic functional Treg defect in murine lupus. Thus, therapeutic strategies that pursue the reconstitution of Treg-mediated peripheral tolerance by increasing the pool size of Treg are very promising for the treatment of SLE, and the clinical applicability of such an approach is well worth investigating in more detail.

With regard to a clinical application, the sequential combination of Treg-based immunotherapy with conventional therapeutic and immunosuppressive approaches could be advantageous. Mono-therapy with Treg alone may not be sufficient to induce a vigorous and long-lasting remission in chronic autoimmune diseases because of the strong cellular and humoral activity and the pre-existence of a robust immunological memory against self-antigens, especially in SLE \[[@B21],[@B28]-[@B32]\]. Inhibition of the activation and expansion of pathogenic cells by immunosuppressive or cytostatic drugs prior to the intended Treg transfer may therefore increase their therapeutic efficacy by creating synergistic conditions where Treg are better capable of keeping autoreactive conventional T cells (Tcon) and other pathogenic cells under control. Accordingly, the therapeutic relevance of Treg could be in maintaining remission after induction of remission with conventional immunosuppressive drugs, thereby enabling a dose reduction, or even discontinuation of these drugs, and thus, avoiding long-term drug-related side effects and toxicities.

The aim of our current study was to adapt the previous Treg-based mono-therapy from experimental to more applicable clinical settings by combining a conventional GC/CTX regimen, known to be very effective also in lupus-prone animals \[[@B33]-[@B35]\], with a subsequent adoptive transfer of Treg in the (NZBxNZW) F1 mouse model for lupus. As a prerequisite for this combined therapy, we also investigated the impact of the cytostatic agent CTX on the biology of pre-existing, endogenous Treg.

Materials and methods
=====================

Mice
----

Female (NZBxNZW) F1 mice were obtained from the breeding facility of the Deutsches Rheuma-Forschungszentrum (DRFZ, Berlin, Germany). All mice were bred and maintained under specific pathogen-free conditions in the DRFZ and were used for experiments between 6 weeks and 7 months of age. All experiments were performed according to institutional and federal guidelines (Landesamt für Gesundheit und Soziales, LAGeSo, Berlin, Germany).

Flow cytometry
--------------

Cells were stained with the indicated antibodies in PBS containing 0.2% BSA and 0.01% sodium azide. The following conjugated antibodies to mouse antigens were generated in the DRFZ: anti-CD4-biotin (clone GK 1.5), anti-CD4-phycoerythrin (PE) (clone GK 1.5), anti-CD62L-biotin (clone MEL-14), anti-CD44-fluorescein isothiocyanate (FITC) (clone IM7), and anti-CD3-PE (clone 145-2C11). The following antibodies and secondary reagents were purchased from the indicated manufacturers: anti-CD25-allophycocyanin (APC) (BD Biosciences, Heidelberg, Germany, clone PC61), anti-CD19-APC (BD Biosciences, clone 1D3), anti-IgD-FITC (BD Biosciences, clone 11-26c.2a), anti-CD138-PE (BD Biosciences, Syndecan-1, clone 281-2), anti-CD19-APC (BD Biosciences, clone 1D3), Streptavidin- Peridinin-Chlorophyll-Protein Complex (PerCP) (BD Biosciences), anti-CD69-FITC (BD Biosciences, clone H1.2F3), anti-CD25-PE (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany, clone 7D4), anti-CD4-FITC and anti-CD4 PerCP (BD Biosciences, clone RM4-5/L3T4). For the intracellular detection of Foxp3, FITC-, PE- and APC-conjugated anti-Foxp3 antibodies (eBioscience, Frankfurt, Germany, clone FJK-16s) were used with the appropriate buffers according to the manufacturer´s protocol. Absolute cell numbers in a preparation were determined from the ratio of cells to microbeads (Fluoresbrite^®^YG microspheres 20µm, Polysciences Europe GmbH, Eppelheim, Germany) in a defined volume; these numbers were used to calculate the total number of cells in lymphoid organs and in the peripheral blood. Stained cells were analyzed on a FACSCalibur cytometer (BD Biosciences). Results were processed using FlowJo software (Tree Star, Inc., OR, USA). FACSDiva (BD Biosciences) and FACSAria (BD Biosciences) cell sorters were used to purify cell populations.

Assessment of *in vivo*proliferation by 5-Bromo-2\'-deoxyuridine (BrdU) labeling
--------------------------------------------------------------------------------

(NZBxNZW) F1 mice with established disease (proteinuria ≥100 mg/dl) were treated intravenously every 24 h with CTX (30 µg/g bodyweight) for a total of seven times, and in parallel, were injected intraperitoneally every 24 h with BrdU (40 µg/g bodyweight) (BD Biosciences) for a total of four times during the last 4 days of the CTX regimen. Mice were sacrificed 12 h after the last injection and cells from lymphoid organs and the peripheral blood were separately isolated for further analysis by flow cytometry. BrdU incorporation was detected by intracellular staining with anti-BrdU-FITC antibodies according to the manufacturer´s protocol (BrdU Flow kit, BD Biosciences). Intracellular staining for Foxp3 was performed in parallel to the BrdU staining with PE-conjugated anti-Foxp3 antibodies (eBioscience). Surface staining with anti-CD4 antibodies was performed before the fixation of cells.

Induction of disease remission with GC/CTX
------------------------------------------

(NZBxNZW) F1 mice with established disease at the age between 6 and 7 months and proteinuria ≥100 mg/dl were initially treated intravenously with a single dose of 10 µg/g bodyweight of prednisolone (Solu-Decortin H; Merck Pharma, Darmstadt, Germany). Then CTX (Pharmacy of Charité, Berlin, Germany) was given intravenously at a dose of either 20 or 30 µg/g bodyweight every 24 h for a total of five times.

Adoptive transfer of Treg
-------------------------

Donor cells were obtained from lymph nodes and spleens of (NZBxNZW) F1 mice between 6 to 10 weeks of age. CD4+ T cells were enriched with a CD4+ T cell isolation kit by negative selection (Miltenyi Biotec). Unlabelled CD4+ T cells were further stained with anti-CD4-FITC (BD Biosciences, clone RM4-5,) and anti-CD25-PE (Miltenyi Biotec, clone 7D4) and CD4+CD25+ Treg were purified by cell sorting. The purity of isolated CD4+CD25+ cells was greater than 95% and more than 95% of sorted CD4+CD25+ cells expressed Foxp3 (see also Figure [1B](#F1){ref-type="fig"}). Sorted Treg were incubated at 37° in cell culture medium (Roswell Park Memorial Institute (RPMI) 1640 with 10% FCS and penicillin/streptomycin) supplemented with 40 ng/ml of recombinant mouse IL-2 (rmIL-2, R&D Systems GmbH, Wiesbaden, Germany) for 4 h. Then cells were harvested, washed twice with PBS, and either 0.5 or 1.5 × 10^6^cells suspended in PBS were injected intravenously into (NZBxNZW) F1 mice five days after the last injection of CTX. Controls received an equal amount of PBS after treatment with GC/CTX.

![**Cyclophosphamide (CTX) inhibits regulatory T cell (Treg) proliferation and causes a gap in Treg numbers**. (**A**-**E**) Flow cytometry of CD4+Foxp3+ Treg and CD4+Foxp3- conventional T cells (Tcon) in the spleen (SN), lymph nodes (LN), thymus (TH) and peripheral blood (PB) of CTX-treated (CTX) (NZBxNZW) F1 mice with active disease compared to age-matched PBS-treated controls (Control). (**A**) Representative dot plots show 5-Bromo-2\'-deoxyuridine (BrdU) incorporation of CD4+Foxp3+ Treg and of CD4+Foxp3- Tcon from CTX-treated and control mice in the respective compartments. The numbers in the quadrants indicate the percentage of the respective population among CD4+ cells. (**B**, **C**) Average percentage of BrdU+ cells among CD4+Foxp3- Tcon (**B**) and among CD4+Foxp3+ Treg (**C**). Data represent the means of four to five mice per group from two independent experiments. (**D**, **E**) Average percentage of CD4+Foxp3+ Treg among CD4+ T cells (**D**) and average absolute counts of CD4+Foxp3+ Treg in the respective organ (**E**). Data represent the means of five to ten mice per group from several independent experiments. (**B**-**E**) Error bars indicate standard error of the mean (SEM) (\**P*\<0.05, \*\**P*\<0.01, CTX vs Control).](ar4188-1){#F1}

Monitoring of disease activity
------------------------------

Proteinuria and leukocyturia were determined with Multistix 10 Visual (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA). The following scoring system was used: score 0 = 0 to 15 mg/dl, score 1 = 30 mg/dl, score 2 = 100 mg/dl, score 4 = 300 mg/dl, score 6 = 2,000 mg/dl. A score of 6 was maintained for mice that died during the experiment.

Monitoring of cells in the peripheral blood
-------------------------------------------

For the analysis of peripheral blood lymphocytes, 50 to 100 µl of whole blood was sampled from the tail vein of each animal before (day -10) and after the GC/CTX treatment (day -4), and every two weeks during follow up after the Treg transfer (at day 0). Blood clotting was prevented using heparin (Ratiopharm GmbH, Ulm, Germany)-containing vials. Plasma was separated from the blood samples and stored at -20°C until further analysis. Erythrocytes were lysed using a standard lysis buffer. All cell suspensions were dissolved in PBS containing 0.2% BSA and were immediately used for flow cytometry.

ELISA
-----

The concentration of anti-ds-DNA antibodies in the plasma was determined by ELISA according to standard procedures \[[@B36]\].

Statistical analysis
--------------------

Graph Pad Prism 5 software was used for the analysis of survival curves (log rank test, Kaplan-Meier curve). The Mann-Whitney test and when appropriate, the Wilcoxon signed rank test was used to detect statistically significant differences. *P*-values less than 0.05 were regarded significant.

Results
=======

CTX inhibits Treg proliferation and causes a gap in Treg numbers
----------------------------------------------------------------

As a precondition for the sequential therapeutic approach with CTX and Treg, we explored the impact of the cytostatic agent CTX on the biology and homeostasis of endogenous CD4+Foxp3+ Treg in comparison to CD4+Foxp3- Tcon in our disease model. Absolute numbers, frequencies and *in vivo*proliferation rates of CD4+Foxp3+ Treg and CD4+Foxp3- Tcon were determined in lymphoid organs and the peripheral blood by BrdU incorporation during a seven-day treatment course with CTX in (NZBxNZW) F1 mice with established disease.

Treatment with CTX induced almost complete inhibition of Tcon proliferation in the spleen, lymph nodes, thymus and peripheral blood (Figure [1A,B](#F1){ref-type="fig"}) resulting in a decrease in the absolute numbers of Tcon with the exception of the peripheral blood, where CTX induced an increase in the frequency and the absolute numbers of all CD4+ T cells (mean percentage of CD4+ T cells among lymphocytes 29.3 % vs 9.2%, *P*= 0.001; mean absolute number of CD4+ T cells 1043/µl vs 418/µl, *P*= 0.0013, for CTX vs control, respectively) (data not shown). In parallel, the proliferation of Treg was almost similarly inhibited by CTX (Figure [1A,C](#F1){ref-type="fig"}). This was accompanied by a reduction in the absolute numbers and also in the frequencies of CD4+Foxp3+ Treg in the lymphoid organs (Figure [1D,E](#F1){ref-type="fig"}). In the peripheral blood, CTX also induced a decrease in the percentage of Foxp3+ Treg among CD4+ T cells (Figure [1D](#F1){ref-type="fig"}); however, there was a significant increase in absolute numbers of CD4+Foxp3+ Treg (Figure [1E](#F1){ref-type="fig"}) due to the distinctive increase in the frequency and absolute numbers of all CD4+ T cells among peripheral blood lymphocytes. Together, CTX induced a diminution of the Treg pool size in lymphoid organs most likely by inhibiting the homeostatic proliferation of Treg. This important interference of CTX with endogenous Treg was taken into account with regard to the design of the combined, sequential therapeutic approach consisting of a CTX regimen and Treg transfer.

Adoptive Treg transfer prolongs drug-induced disease remission
--------------------------------------------------------------

Next, we investigated the capability of Treg to prolong disease remission after induction of remission in lupus-prone mice. To induce remission of active disease prior to the intended transfer of Treg, diseased (NZBxNZW) F1 mice were treated once with GC followed by daily intravenous injections of CTX for a total of five days, as outlined in Figure [2A](#F2){ref-type="fig"}. Treg were isolated from spleens and lymph nodes of young (NZBxNZW) F1 mice by sorting for CD4+CD25+ cells. The purity of sorted Treg reached up to 95% determined by the expression of Foxp3 among sorted CD4+CD25+ T cells, indicating that the large majority of sorted cells belonged to the Treg lineage (Figure [2B](#F2){ref-type="fig"}). Purified Treg were cultured for 4 h in the presence of rIL-2 before the adoptive transfer by intravenous injection. During this short-term culture, expression levels of Foxp3 and CD25 were maintained indicating a stable Treg phenotype immediately before transfer (Figure [2B](#F2){ref-type="fig"}). To avoid interference between CTX and the transferred Treg in the recipients, Treg were transferred five days after the last CTX injection (day 0) ensuring that most of the CTX was already cleared from the body of the recipients according to its pharmacological half-life of approximately 6 to 7 h \[[@B37],[@B38]\].

![**Treatment schedule and regulatory T cell (Treg) purification**. **(A**) (NZBxNZW) F1 mice with active disease received 10 µg/g body weight of prednisolone (GC) intravenously at day -10 followed by daily intravenous injections of either 20 or 30 µg/g body weight of CTX for the duration of 5 days. Another 5 days later, CD4+Foxp3+CD25+ Treg were purified from the lymphoid organs of young (NZBxNZW) F1 mice, cultured for 4 h in the presence of 40 ng/ml of rIL-2 and either 0.5 × 10^6^or 1.5 × 10^6^Treg were adoptively transferred by intravenous injection at day 0. Control mice were equally treated with GC/CTX and received PBS instead of Treg. Blood samples and plasma were collected at the indicated time points. (**B**) Representative dot plots show the expression of Foxp3 and CD25 of CD4+CD25+ sorted donor Treg briefly after the sorting procedure (left, post sort) and just before the adoptive cell transfer (right, pre-transfer).](ar4188-2){#F2}

Treatment with GC/CTX alone induced remission of disease shown by the transient decrease in proteinuria (day -10 vs day -4, *P*\<0.001) (Figure [3A](#F3){ref-type="fig"}). However, leukocyturia was not affected by the GC/CTX treatment (Figure [3B](#F3){ref-type="fig"}). In addition, a transient decrease in the levels of antibodies against dsDNA was observed (day -10 vs day - 4, *P*\<0.001) (Figure [3C](#F3){ref-type="fig"}). Proteinuria and anti-dsDNA antibodies returned to pre-treatment levels approximately three weeks after the last CTX injection (Figure [3A,C](#F3){ref-type="fig"}, control).

![**Regulatory T cells (Treg) prolong drug-induced disease remission**. **(A**-**D**) Changes in clinical parameters and survival of (NZBxNZW) F1 mice with active disease after induction of remission with glucocorticosteroid (GC)/cyclophosphamide (CTX) and after an additional adoptive transfer of 1.5 × 10^6^Treg/mouse (Treg) compared to age-matched mice that received only GC/CTX and PBS (Control). (**A**-**C**) Average proteinuria score (**A**), leukocyturia score (**B**) and levels of antibodies against ds-DNA (**C**) determined at the indicated time points during the study. Error bars indicate standard error of the mean (SEM) (\**P*\<0.05; Treg vs Control at the indicated time point). (**D**) Survival time is presented as a Kaplan-Meier curve (*P*= 0.01; Treg vs Control). (**A**-**D**) Data are the summary of two to three independent experiments, with eight to ten mice per group in total.](ar4188-3){#F3}

Adoptive transfer of 0.5 × 10^6^Treg per mouse five days after the last CTX injection did not additionally affect proteinuria or leukocyturia (data not shown), and resulted in no considerable change in the mortality rate compared to control group (*P*= 0.38) (data not shown). Thus, we performed similar experiments with a 3-fold higher amount of transferred Treg. Adoptive transfer of 1.5 × 10^6^Treg per mouse five days after the GC/CTX regimen resulted in a moderate additional reduction of proteinuria (Treg vs control, *P*= 0.06 at day 14 after transfer) (Figure [3A](#F3){ref-type="fig"}). In contrast to the treatment with GC/CTX, additional Treg transfer now considerably affected leukocyturia shown by the significant reduction of leukocyturia from day 20 to day 36 after transfer compared to the treatment with GC/CTX alone (Treg vs control, *P*\<0.05) (Figure [3B](#F3){ref-type="fig"}). However, no additional reduction in the levels of auto-antibodies could be detected (Figure [3C](#F3){ref-type="fig"}), consistent with previous observations after Treg transfers in this model \[[@B21],[@B26]\]. Most importantly, mice that received a high dose of Treg had a significantly decreased mortality rate compared to the control group (Treg vs control median survival 69 vs 46 days, *P*= 0.01) (Figure [3D](#F3){ref-type="fig"}). Thus, Treg were able to prolong disease remission induced by a conventional immunosuppressive regimen. The additive effect of Treg on the GC/CTX regimen, however, depended on a high number of transferred Treg.

Prolongation of disease remission is associated with an increase in the Treg frequency
--------------------------------------------------------------------------------------

To obtain insights into possible effects of Treg therapy at a cellular level we determined the percentage, absolute numbers and the phenotype of T and B cell subsets in the peripheral blood by flow cytometry before (day -10) and after induction of remission (day -4), and every 14 days after the Treg transfer (at day 0).

Treatment with GC/CTX alone induced a late and transient increase in the numbers of total lymphocytes in the peripheral blood (Figure [4A](#F4){ref-type="fig"}). Consistent with prior data, the percentage of CD4+ T cells among total lymphocytes transiently increased after the CTX regimen (day -10 vs day -4, *P*\<0.001) (Figure [4B](#F4){ref-type="fig"}). In contrast, there was a dramatic decrease in the percentage of CD19+ B cells among lymphocytes (*P*\<0.001) that persisted throughout the observation time (Figure [4C](#F4){ref-type="fig"}). However, no differences in total lymphocytes, CD4+ T cells or CD19+ B cells after additional adoptive transfer of Treg could be observed compared to mice that received only GC/CTX (Figure [4 A-C](#F4){ref-type="fig"}).

![**Changes in lymphocyte subsets during induction of remission and sequential regulatory T cell (Treg) transfer**. Average absolute numbers of total lymphocytes (**A**) and average percentage of CD4+ T cells (**B**) and CD19+ B cells (**C**) among lymphocytes in the peripheral blood of (NZBxNZW) F1 mice with active disease before and after induction of remission with glucocorticosteroid (GC)/cyclophosphamide (CTX), and after an additional adoptive transfer of 1.5 × 10^6^Treg/mouse (Treg) compared to age-matched mice that received only GC/CTX and PBS (Control). Data are the summary of two independent experiments with six to eight mice per group in total. Error bars indicate standard error of the mean (SEM).](ar4188-4){#F4}

The percentage and phenotype of CD4+Foxp3+ Treg and of CD4+Foxp3- Tcon was analyzed as outlined in Figure [5A](#F5){ref-type="fig"}. Consistent with our previous observations, treatment with GC/CTX led to a significant decrease in the percentage of Foxp3+ Treg among CD4+ T cells in the peripheral blood (day -10 vs day -4, *P*\<0.01) (Figure [5B](#F5){ref-type="fig"}). However, mice that received Treg had a significantly higher frequency of CD4+Foxp3+ Treg at day 28 compared to control mice (*P*\<0.05) (Figure [5B](#F5){ref-type="fig"}). In addition, by separately comparing the frequencies of CD4+Foxp3+ Treg before (day -4) and after (day 14) transfer in each treatment group, we observed a 2-fold increase in Treg frequency in mice that received Treg (*P*\<0.05), whereas in mice that were treated with GC/CTX alone Treg frequencies remained unaffected (Figure [5B](#F5){ref-type="fig"}). Thus, adoptive transfer of Treg led to an increase in Treg in the recipients and compensated the CTX-induced gap in Treg numbers.

![**Changes in regulatory T cell (Treg) and conventional T cell (Tcon) subsets during induction of remission and sequential Treg transfer**. Treg and Tcon subsets were analyzed by flow cytometry in the peripheral blood of (NZBxNZW) F1 mice during induction of remission and after an additional adoptive transfer of 1.5 × 10^6^Treg/mouse (Treg) and compared to age-matched mice that received only glucocorticosteroid (GC)/cyclophosphamide (CTX) and PBS (Control). (**A**) Representative dot plots show expression of CD25 and CD44 among CD4+ gated Foxp3+ Treg and Foxp3- Tcon. (**B**) Average percentage of Foxp3+ Treg among CD4+ T cells at the indicated time points during the course of the study (\**P*\<0.05; Treg vs Control). Bar diagrams compare the average percentage of Foxp3+ Treg among CD4+ T cells before (at day -4) and after the Treg transfer (at day 14) within the respective group (\**P*\<0.05; before vs after). (**C**) Average percentage of CD25+ cells and CD44hi cells among CD4+Foxp3+ Treg at the indicated time points during the study. (**D**) Average percentage of CD25+ cells and CD44hi cells among CD4+Foxp3- Tcon throughout the study. (**B**-**D**) Data are the summary of two independent experiments with six to eight mice per group in total. Error bars indicate standard error of the mean (SEM).](ar4188-5){#F5}

The percentage of CD25+ cells among CD4+Foxp3+ Treg was neither affected by GC/CTX treatment nor by the additional Treg transfer (Figure [5C](#F5){ref-type="fig"}). The percentage of CD44hi memory cells among Foxp3+ Treg initially declined after the GC/CTX treatment (*P*\<0.05) but quickly returned to pre-treatment levels independent of the additional Treg transfer (Figure [5C](#F5){ref-type="fig"}). Analysis of CD44hi memory/effector cells and of CD25+ cells among CD4+Foxp3- Tcon revealed no significant differences in the percentages between both treatment groups at any time point throughout the study (Figure [5D](#F5){ref-type="fig"}).

B cell subsets were analyzed and gated as displayed in Figure [6A](#F6){ref-type="fig"}. Neither the GC/CTX treatment nor the additional Treg transfer significantly affected the percentage of IgD+ naive B cells among CD19+ B cells (Figure [6B](#F6){ref-type="fig"}). The frequency of CD19+CD138+ plasma blasts (PB) among total lymphocytes transiently decreased after the GC/CTX treatment (*P*\<0.05) but returned to pre-treatment levels approximately three weeks after the GC/CTX treatment with no obvious difference between both groups (Figure [6C](#F6){ref-type="fig"}). Interestingly, we observed that the additional Treg transfer further enhanced the slight reduction in the frequency of CD19-CD138+ plasma cells (PC) induced by GC/CTX that even reached a significant level when comparing baseline values at day -10 with the values obtained at day 14, after transfer within the Treg group (*P*\<0.05) (Figure [6D](#F6){ref-type="fig"}).

![**Changes in B cell subsets during induction of remission and sequential regulatory T cell (Treg) transfer**. B cell subsets were analyzed by flow cytometry in the peripheral blood during induction of remission and after an additional adoptive transfer of 1.5 × 10^6^Treg/mouse (Treg) and compared to age-matched mice that received only glucocorticosteroid (GC)/cyclophosphamide (CTX) and PBS (Control). (**A**) Representative dot plots show expression of IgD among CD19+ B cells and the percentage of CD19+CD138+ plasma blasts (PB) and of CD19-CD138+ plasma cells (PC) among lymphocytes, respectively. (**B**-**D**) Average percentage of IgD+ cells among CD19+ B cells (**B**), average percentage of CD19+CD138+ PB among lymphocytes (**C**) and average percentage of CD19-CD138+ PC among lymphocytes (**D**) at the indicated time points during the study. Data are the summary of two independent experiments with six to eight mice per group in total. Error bars indicate standard error of the mean (SEM).](ar4188-6){#F6}

Discussion
==========

The potential of CD4+Foxp3+ Treg to influence the course of immune-mediated disorders and autoimmune diseases has become a major focus of advanced cellular immunotherapy. In consideration of future clinical translation of Treg-based immunotherapy in SLE, we explored the potential of adoptively transferred Treg to maintain disease remission after induction of remission by a conventional immunosuppressive approach in the (NZBxNZW) F1 mouse model for lupus.

CTX is one of the most commonly used cytostatic agents to induce remission of severe disease in SLE patients and was shown to be effective also in lupus-prone animals \[[@B33]-[@B35]\]. Recently, several groups reported that a low-dose regimen of CTX can affect CD4+Foxp3+ Treg in humans by decreasing their pool size or by inhibiting their functionality \[[@B39]-[@B44]\]. Thus, we aimed to obtain insights into the cellular situation that is found after CTX treatment and prior to an adoptive transfer of Treg in the (NZBxNZW) F1 mouse model. For the induction of remission in this disease model a repetitive high dose regimen of CTX has been proven to be effective \[[@B33]-[@B35]\]. In our settings, we found that CTX induced a virtually complete inhibition of the proliferation of CD4+ Tcon in lymphoid organs and the peripheral blood of lupus mice. This is consistent with the notion that the beneficial effect of CTX is associated with an inhibition of the expansion of activated effector T cells that contribute to disease pathology \[[@B21],[@B31],[@B45]\]. However, the proliferation of CD4+Foxp3+ Treg was found to be almost equally inhibited resulting in a profound reduction in the absolute numbers and the frequencies of CD4+Foxp3+ Treg in lymphoid organs. Thus, CTX applied in a repetitive high-dose regimen induced a diminution of the endogenous Treg pool size, most likely by inhibiting the homeostatic proliferation of Treg. In the context of the clinical application of a Treg-based immunotherapy, this finding therefore, provides an additional rationale for a therapeutic supplementation with Treg after treatment with CTX in order to compensate for the gap in the numbers of endogenous Treg induced by CTX. On the other hand, these data also indicate that a sufficient time interval between a CTX treatment and the consecutive adoptive Treg transfer must be allowed to avoid interferences between transferred Treg and CTX.

Adoptive transfer of Treg was shown to be effective in influencing the course of murine lupus in a prophylactic and also in a therapeutic setting \[[@B21],[@B26]\]. In previous experiments we found that exclusive transfer of 5 × 10^5^CD4+Foxp3+CD25+ Treg was capable of delaying disease progression und prolonging survival in (NZBxNZW) F1 mice with active disease \[[@B21]\]. In these experiments CD4+Foxp3+CD25+ Treg were pre-activated by short-term stimulation with anti-CD3/CD28 in the presence of IL-2 prior to adoptive transfer, because of the IL-2-deprived environment present in mice with active disease, which may impair homeostasis and survival of the transferred Treg in the recipients \[[@B21],[@B46]\]. However, *in vitro*pre-activation of Treg bears the risk that contaminating CD25+ Tcon are also expanded during the *in vitro*stimulation. Thus, in this study, in order to come closer to a clinically applicable setting with the respective need for safety, we omitted the activation step with anti-CD3/CD28 and transferred CD4+Foxp3+CD25+ Treg only after a short incubation time with rIL-2. Transferring the same amount of the now resting Treg, we detected neither a significant clinical response nor a reduction in mortality in addition to the GC/CTX treatment. A significant further reduction in nephritis parameters and mortality was only evident when a 3-fold larger amount of Treg was transferred. Although Treg have been incubated with rIL-2, we suggest that transferred Treg will still be affected by the lack of IL-2 in the recipients, and thus, be impaired in their proper engraftment. This may explain why relatively large amounts of resting Treg are required for eliciting a clinical response. In addition, we cannot rule out that the transferred Treg might also be affected by low amounts of CTX still circulating in the body of the recipients, though we performed Treg transfers five days after the last CTX injection to avoid interferences with CTX. Nevertheless, a significant increase of the Treg frequency compared to the levels before transfer, and higher levels of CD4+Foxp3+ Treg were detectable in the peripheral blood up to four weeks after transfer, implicating that a reasonable number of these cells survived in recipients despite the insufficient availability of IL-2. Concerning the therapeutic durability of the Treg treatment, we suggest that repetition of the Treg transfers, for example, in intervals of two weeks, could sustain remission for a longer period of time. In addition, the efficacy of Treg transfers could probably be increased by simultaneous provision of IL-2 *in vivo*to facilitate their survival and homeostasis in the IL-2-deficient recipients \[[@B21]\].

Another important technical challenge for the clinical implementation of Treg-based therapy in SLE is related to the fact that most SLE patients are lymphopenic and deficient in Treg, which implies that *in vitro*expansion of purified peripheral blood Treg will be unavoidable to obtain sufficient numbers for an autologous Treg transfer. Nevertheless, for safety reasons, we suggest that expanded Treg should be not be transferred before they enter the resting phase after the initial stimulation with anti-CD3/anti-CD28/IL-2.

Apart from the clinical response with a marked reduction in leukocyturia and mortality and the associated increase in the Treg frequency after the additional transfer, analysis of other cellular and humoral parameters in peripheral blood unfortunately did not provide clear suggestions as to how the transferred Treg prolong disease remission. Interestingly, we observed that the CTX-induced decline in PC is more pronounced in the Treg-treated mice suggesting an additive inhibitory effect of the Treg therapy on PC generation. This may serve as supplementary evidence for the recent finding that Treg are able to interfere with the B cell compartment in SLE \[[@B47]\]. Conversely, we observed no additional reduction of autoantibody levels after the Treg transfer, consistent with previous studies by us and other workers on Treg transfers in murine lupus \[[@B21],[@B26]\]. However, as shown here, the analysis of cells from peripheral blood might provide only restricted information and apparently might not always reflect the situation in the lymphoid organs and inflamed tissues where the autoimmune response takes places. With regard to this, more detailed analyses including the lymphoid organs are required, to allow assessment of the mechanisms and the efficacy of transferred Treg at a cellular level.

Conclusions
===========

In summary, CD4+Foxp3+ Treg were able to prolong disease remission induced by conventional immunosuppressive drugs. Nevertheless, high numbers of transferred Treg were required to elicit a clinical effect. This study supports a role for Treg in the maintenance of SLE remission and provides important rationales and valuable information for the future design of pre-clinical and clinical studies, involving the combination of conventional immunosuppression with a transfer of autologous Treg.

Abbreviations
=============

APC: allophycocyanin; BrdU: 5-Bromo-2\'-deoxyuridine; BSA: bovine serum albumin; CTX: cyclophosphamide; ELISA: enzyme-linked immunosorbent assay; FCS: fetal calf serum; FITC: fluorescein isothiocyanate; GC: glucocorticosteroids; IL: interleukin; PBS: phosphate-buffered saline; PB: plasma blast; PC: plasma cell; PE: phycoerythrin; PerCP: Peridinin-Chlorophyll-Protein Complex; SLE: systemic lupus erythematosus; Tcon: conventional T cells; Treg: regulatory T cells.

Competing interests
===================

The authors declare that they have no competing interests.

Authors\' contributions
=======================

OW carried out the cell sorting and cell culture, performed the mouse studies, acquired data by flow cytometry and participated in data analysis. CS participated in cell sorting and cell culture and acquired data by flow cytometry. RU and LK participated in the mouse studies and acquired data by flow cytometry. JH designed the study, participated in data analysis, performed the statistical analysis and drafted the manuscript. GR participated in the study design and the drafting of the manuscript. All authors read and approved the final manuscript.

Acknowledgements
================

This work was funded by the Deutsche Forschungsgemeinschaft (DFG, SFB 650) and University grants of the University Hospital Charité Berlin to GR.
